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Abstract 
The paper presents modeling and finite element simulation of a surface acoustic wave (SAW) linear motor. A SAW linear motor 
works on the principle of friction drive provided by SAW propagating on a piezoelectric stator. The SAW motor comprises of a 
cubical slider driven by Rayleigh wave generated on a piezoelectric substrate using an interdigital transducer (IDT) fabricated on 
the stator. In the study, a lithium niobate piezoelectric substrate is used as the stator on which aluminum IDTs are fabricated at the 
two edges and a cuboid slider is placed in the path of SAW propagation along with a preload. The characteristics such as 
displacement, velocity and forces acting on the slider for different amplitudes of wave excitations are studied. The slider in the 
SAW motor can move both in forward and reverse directions and the motor attains a saturated velocity with the continuous wave 
excitation. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
Use of piezoelectric materials has facilitated miniaturization of motors and several mechanisms  to construct 
ultrasonic motors have been reported [1], [2]. The advent of surface acoustic wave (SAW) motors led to improved 
resolution and high-power-density operation [3], [4]. Persistent development in SAW motors resulted in light-weight, 
very high speed, and feasibility of sub-nanometer stepping resolution [5], [6]. A SAW motor comprises of a 
piezoelectric stator on which a slider is driven by Rayleigh wave generated on the stator. A 128q rotated Y cut X 
propagated lithium niobate (LiNbO3) or LN substrate is used as stator and aluminum (Al) electrodes are fabricated in 
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comb structure at both side ends called as interdigital transducers (IDTs) as shown in Figure 1 [7], [8]. A cubical slider 
having projections at the contacting surface to stator is tightly placed on the propagation path of SAW i.e. on the active 
region of the delay line.  
 
Figure 1: Schematic diagram of piezoelectric SAW motor. 
An RF power applied to the IDTs generates Rayleigh wave [9] due to which the points on the surface of the stator 
make elliptical motion about their mean position [10] and the point motion is transformed into translational motion of 
the slider due to frictional drive between slider and stator as shown in Figure 2 [11]. 
 
Figure 2: Schematic diagram of SAW motor showing the slider motion on propagation of Rayleigh wave. 
2. Design of Stator  
A 128q rotated Y cut X propagated LN substrate is used as stator where IDTs made of Al are fabricated [12]. The 
converse Piezoelectricity property which states that the strain produced in the substrate is proportional to the 
magnitude of the applied electric signal [13] is used for operation of SAW motor [14].  
 
 
Figure 3: FE simulated plot for the admittance of the LN stator showing the resonance frequency of 8.37 MHz. 
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To determine the desired input frequency for generating the Rayleigh wave on the surface of the stator, the Eigen 
frequency analysis is carried out in 3-D environment of COMSOL Multiphysics for wavelength of 400 µm [15] [16]. 
The antiperiodic boundary condition helps to solve the FE simulation with minimum number of elements. The 
resonance frequency, which is the desired input frequency, is obtained at 8.37 MHz from the admittance plot shown 
in Figure 3 for the stator. 
3. Finite Element Simulation of SAW Motor 
Finite element (FE) simulation of the SAW motor is carried out in COMSOL Multiphysics using coupling of 
piezoelectric and solid mechanics modules.  
3.1. Creating the geometry of SAW motor 
The 3D plane geometry of a delay line made by placing IDT electrodes of aperture 400 μm (1 λ), width 100 µm 
(λ/4) and thickness 0.2 μm on a LN substrate of width 400 μm (1 λ), length 2000 μm (5 λ) and height 500 μm. The 
device is terminated with perfect matching layer to avoid reflections at the edges. A silicon (Si) slider of size 400 µm 
x 400 µm x 100 µm is placed in the active region. To avoid the problem of sticky surfaces, cylindrical projections of 
diameter 20 µm and center to center space of 40 µm are made on the surface of the slider in contact with the stator as 
shown in Figure 4. 
 
Figure 4:  Schematic picture of SAW motor modelled in COMSOL Multiphysics representing various domains. 
Table 1. Parameters used in FE simulation. 
Parameters Value Unit 
Young’s modulus of Slider 169 GPa 
Young’s modulus of Stator 173  GPa 
Poisson’s ratio of Slider 0.3  
Poisson’s ratio of Slider 0.345  
Frequency 8.37  MHz 
Preload 1.66  mN 
Static coefficient of friction 0.45  
Dynamic coefficient of friction 0.15  
Radius of the projections on slider 20  µm 
Mass of the slider 0.4  mg 
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The properties of LN such as elastic coefficients, coupling coefficients, relative permittivity and density are 
adapted from [17] and used for carrying out the simulation. Al is used for IDTs are as it is lightweight and highly 
conductive. The material used for the slider and projections is Si. Table 1 presents the list of parameters of slider and 
stator used for simulating the device. 
3.2. Multiphysics settings 
The boundary settings in FE simulation are as follows. The bottom of the stator is fixed while the ends are 
terminated with perfect matching layers to avoid SAW reflections. The slider and stator are defined as contact pair. In 
contact pair, the LN stator is treated as master while the slider is slave. With deformation of the stator due to application 
of RF power, the slider can be functioned. The boundaries of the slider are set free in all the direction. The SAW motor 
is divided into a finite number of elements and meshed with triangular meshing on the boundaries of all the domain. 
Swept meshing was applied for all the domains to analyse the characteristic of every element [18]. 
4. Results and discussion of FE simulated SAW motor 
When the Rayleigh wave propagates on the surface of the stator in a ultrasonic motor, the displacement of surface 
components in normal (uz) and translational (ux) directions can be found as [19], 
sin( )z zu a tZ   (1)
cos( )x xu a tZ 
  (2)
 
where, az is the amplitude of wave in normal direction, ax is the amplitude of wave in translational direction, and ω is 
the angular frequency. 
 
 
Figure 5: FE simulated graph showing the displacement of normal component of the stator. 
With the application of 100 V, 8.37 MHz sine wave input, the normal displacement and translational displacement 
at a point on the stator surface are shown in Figure 5 and Figure 6, respectively. The normal component of the 
displacement of a point on surface of the stator is shown in Figure 5. 
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Figure 6: FE simulated graph showing the displacement of translational component of stator. 
The preload is applied on the slider to increase friction at the contact surface with the stator. As the generated 
Rayleigh SAW wave passes under the slider, it makes a frictional contact to the bottom surface of the slider. This 
frictional force on the slider drives the slider in the direction opposite to the direction of propagation of SAW as shown 
in Figure 7.  
 
Figure 7: Displacement profile showing propagation of wave and displaced slider after the FE simulation is carried out. 
At the contact position, the wave puts pressure on the slider to move in the direction of the motion of the point on 
the surface of the stator. The tangential force acting on the slider through friction drive is shown in Figure 8. When 
the tangential force acts, the slider is in contact with the wave and it is called as stick condition. The rest of the time 
the slider is not pushed as it is not in contact with the wave and the state is called as slip condition.    
The translational displacement of 10 nm represented by solid line and 15 nm represented by dashed line is achieved 
in 1.5 µs for continuous wave excitation of 100 V and 150 V respectively as shown in Figure 9. The slider moves in 
the reverse direction of propagation of Rayleigh wave with one step per cycle of the wave. When a 150 V is applied 
the generated amplitude on the surface of the stator is greater as compared to the amplitude during the application of 
100V. So the high amplitude drives the slider faster as compared to the less voltage.  
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Figure 8: Graph representing the result for the tangential force acting on the slider. 
 
Figure 9: Graph showing the FE simulated result for translational motion of the slider for different voltage supply. 
The higher in speed of the slider results with the higher voltage applied to the IDTs of the stator. The dashed line 
represents the velocity about 10 mm/s of the slider, whereas the solid line represents the velocity about 7 mm/s of the 
slider for the 150 V  and 100 V power supply respectively at the end of 1.5 µs before reaching the saturation velocity 
as shown in Figure 10. 
 
 
Figure 10: Graph representing the FE simulated result for translational velocity of the slider.  
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.5 1 1.5Fo
rc
e 
ac
ti
ng
 o
n 
sl
id
er
 (
m
N
)
Time (µs)
-1
1
3
5
7
9
11
13
15
0 0.5 1 1.5T
ra
ns
la
tio
na
l d
is
pl
ac
m
en
t o
f 
sl
id
er
 
(n
m
)
Time (µs)
100 V 150 V
-2
0
2
4
6
8
10
0 0.5 1 1.5
V
el
oc
ity
 o
f 
sl
id
er
 (
m
m
/s
)
Time (µs)
100 V 150 V
1417 Basudeba Behera and Harshal B. Nemade /  Procedia Engineering  144 ( 2016 )  1411 – 1418 
The slider speed saturates with application of continuous wave excitation for longer period of time to 0.25 m/s and 
0.3 m/s for 100 V and 150 V respectively as shown in Figure 11. The graph shows the solid line for 100 V and dotted 
line for 150V, indicating an exponential increase of the velocity upto 2 s, then the velocity remains stable and saturated. 
The transition of the velocity from 0 to 0.3 m/s occurs within 2 second of the application of continues RF power 
supply. 
 
 
Figure 11: Graph representing the velocity of the slider at the end of 2.5 s. 
When the IDTs are placed on both sides of the stator, the motor can be operated to move both in forward and 
reverse directions. When IDT 1 is activated as per Figure 1, the Rayleigh wave propagates on the stator towards IDT2, 
whereas the slider will move towards IDT1. If IDT1 is deactivated and IDT2 is activated, the wave will start 
propagating towards IDT1 and the slider will move towards IDT2. Thus the position of the slider on the surface of the 
stator can be controlled by actuating appropriate IDTs. 
5. Conclusions 
A SAW motor with LN stator and silicon slider is simulated in COMSOL Multiphysics. The principle of operation 
of the SAW motor is discussed. The FE simulation steps along with physical modelling part of the SAW motor is 
represented. The amplitudes of the surface components of the SAW motor is obtained through the FE simulation. The 
transfer of velocity from surface particle to the slider and consecutive motion of the slider is obtained with the FE 
simulation results. The slider makes translational motion in steps and attains a saturated velocity with the application 
of continuous RF power. The comparative study of application of excitations with different amplitudes shows that the 
excitation with higher amplitude moves the slider faster. The study shows the force generated from the surface of the 
stator helps the slider to move through contact friction in desired path. 
References 
[1] C. Zhao, Ultrasonic Motors Technologies and Applications, First Edit, Springer Publication, Nanjing, China, 2011. 
[2] T. Morita, Review on Miniature piezoelectric motor, Elsevier Sensors Actuators A Phys. 103 (2003) 291–300. 
[3] M.K. Kurosawa, Ultrasonic linear motor using traveling surface acoustic wave, in: Proc. IEEE Ultrason. Symp., IEEE Press, 2009: pp. 
1096–1105. doi:10.1109/ULTSYM.2009.0265. 
[4] K. Uchino, Piezoelectric ultrasonic motors: overview, Smart Mater. Struct. 7 (1998) 273–285. doi:10.1088/0964-1726/7/3/002. 
[5] T. Shigematsu, M.K. Kurosawa, K. Asai, Sub-nanometer stepping drive of surface acoustic wave motor, in: Proc. IEEE, 2003: pp. 299–
302. doi:10.1109/NANO.2003.1231777. 
[6] Y. Nakamura, M.K. Kurosawa, T. Shigematsu, Effects of Ceramic Thin Film Coating on Friction Surfaces for Surface Acoustic Wave 
Linear Motor, in: IEEE Ultrason. Symp., IEEE Press, 2003: pp. 1766–1769. 
[7] T. Shigematsu, M.K. Kurosawa, K. Asai, Nanometer stepping drives of surface acoustic wave motor, IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control. 50 (2003) 376–385. doi:0885–3010. 
[8] A. V. Mamishev, K. Sundara-Rajan, F. Yang, Y. Du, M. Zahn, Interdigital Sensors and Transducers, in: Proc. IEEE, IEEE Press, 2004: 
1418   Basudeba Behera and Harshal B. Nemade /  Procedia Engineering  144 ( 2016 )  1411 – 1418 
pp. 808–845. doi:10.1109/JPROC.2004.826603. 
[9] C.S. Hartmann, D.T. Jr. Bell, R.C. Rosenfeld, Impulse Model Design of Acoustic Surface-Wave Filters, IEEE Trans. Microw. Theory 
Tech. 21 (1973) 14. doi:10.1109/TMTT.1973.1127967. 
[10] T. Morita, M.K. Kurosawa, T. Higuchi, Simulation of Surface Acoustic Wave Motor with Spherical Slider, IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control. 46 (1999) 929–934. 
[11] M. Takahashi, M. Kurosawa, T. Higuchi, Direct frictional driven surface acoustic wave motor, in: 8th Int. Conf. Solid-State Sensors 
Actuators, Eurosensors IX, Stockholm, Sweden, 1995: pp. 3–6. 
[12] B.A. Auld, Acoustic fields and waves in solids (Vol. I), First Edit, John Wiley & Sons Publication, Canada, 1973. 
[13] A.A. Vives, Piezoelectric Transducers and Applications, Second Edi, Springer-Verlag Berlin Heidelberg, Spain, 2008. doi:10.1007/978-
3-540-77508-9. 
[14] D. Morgan, Surface Acoustic Wave Filters With Applications to Electronic Communications and Signal Processing, Second Edi, Elsevier 
Academics Press, Oxford, 2007. 
[15] F.L. Matthews, G.A.O. Davies, D. Hitchings, C. Soutis, Finite element modelling of composite materials and and structures, First Edit, 
Woodhead Publishing Limited, New York, 2003. 
[16] C. Multiphysics, M. Guide, COMSOL Multiphysics Modeling Guide, COMSOL Multiphysics. (2005) 348. 
[17] T.M. Kwang, Surface Acoustic Wave Microfluidic Actuation, Monash University, 2009. 
[18] D.S.H. Lo, Finite Element Mesh Generation, First Edit, CRC Press, New York, 2015. 
[19] T. Shigematsu, M.K. Kurosawa, Friction Drive of an SAW Motor. Part III : Modeling, IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 
55 (2008) 2266–2276. 
 
 
 
